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ST TARY 


The experimental studies presented here were undertaxen in an 
effort to determine the stress distribution in two circular cylinders 
intersecting at right angles and under internal pressure. The invest- 
igation was limited to tests of two specimens in the thick-walled 
cylinder range. 

The experimental analysis led to the following conclusions: 

l. The highest stress concentrations are located at an angle 
of about 14.5 degrees from the crotch senterline, measured in the plane 
of the intersection. 

2e The critical stress causing rupture is the tancential stress 
in the plane of the ellipse. 

3. For the n/t ratios tested, the strencth reduction as canpared 
with @ strateh’ closed cylinder is avnproximately 50%. 

i. It appears probable that bending effects for these thick- 


well d cylinders are of relatively ininor importance. 
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BAPLANATION OF OYsiGOLS 


Young's Modulus of Elasticity (assumed = 30 x 10° psi) 
Strain gage reading 

Strain gacc constant (-200) 
Internal pressure - lbs./sqein. 
Axial strain - in./in. 

Radial strain - in./in. 
Tanrential strain - in./in. 
Principal strain - in./in. 

Axial stress - lbs./sqeine 
Radial stress - lbs./sq.ine 
Tangential strese E lbs./sa.ine 
Principal stresses ~ lbs./sqein. 


Poisson's ratio - (assumed = 0.3) 
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INTRODUCTION 


Thia investigation was prompted by certain problems which have 
arisen in systems employing high pressure piping. The construction 
of ducting for high speed wind tunnels involves cylindrical intersec- 
tions of large diameter and similar problems, though on a smaller soale, 
may be found in various industriel applications. For piping which is 
highly stressed tangentially it has been the practice to furnish heavy 
ribs or other devioes to take the bending stresses of the elliptical 
intersesotion. This procedure ignores bending stiffness of the pipe 
itself and some doubt has arisen as to the actual necessity for such 
ribs. Further, in some cases there was evidence that the reinforcing 
might in reality be harmful to the strength of the joint. 

Tae teats presented here are steps toward a complete investiga-~ 
tion of the provlem. Some tests of this nature were made preliminary 
to the design and sonstruction of the 20-inch supersonie wind tunnel 
of the Jet Propulsion Laboratory (CIT) (Ref. 1). The specimens tested 
in that project were of various shapes, materials, and Radius/thick- 
ness ratios. For the ee to the problem it was decided 
to reduce the number of variable parameters to just one--the wall 
thickness. The steel to be eeta, the internal diameter, and other 
specifications were held conatant. For this series it was originally 
planned to make tests on 90-degree elbows of at least four wall thick- 
nesses, but difficulties in the manufacture of suitable specimens and 


time limitations forced a reduction in scope to only two specimens. 


aoe 


& search was made both in applicable textbooks and in the many 
engineering publications for previous work, either theoretical or 
experimental, on this subject. Considerable information was found 
On pipe bends, pipe elbows, and the like, but nothing on stresses 
to be found at or near ae welded cylindrical intersection. This prob- 
lem is of e type possessing mixed boundary conditions and as such is 
very difficult to solve from ea purely theoretical approach. 

The tests whose results are presented herein were conducted in 
the Structures Laboratory of the Guggenheim Graduate School of Aero- 


neutics, California Institute of Technology. 
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EQUIPMENT AND PROCEDURE — 


The test specimens were made of elghteinch National Extra Strong 
welded steel pine, ASTM Spec. 53-47. This steel has a yield point of 
30,000 psi. and ultimate streneth of 43,000 psi. The pipe was first 
machined inside and out to remove any eocentriscity and to obtain a 
uniform wall thickness. Inside diameter was bY. wenn for both 
specimens and was 7.68 inches. The wall thickness of the first spec- 
imen was 0.4 inch and the second wea 0.3 inch. 

After machining, the pipe was cut and welded so as to form a 90- 
degree elbow as shown in Fig. 6. Care was taken in machining off ex- 
cess weld metal in the joint in order to have smooth fillets of snall 
redius so that the finished product would approximate as closely as 
possible a cylindrical intersection machined fram a single billet. 
Stendard eight-inch pipe caps were welded on the ends and threaded 
studs welded in these caps. The studs were drilled and tapped to pro- 
vide pressure connections end were threaded to recoive lugs intended 
for use in applying either tension or compression across the ends by 
means of a turnbuckle. The turnbuckle was not used, howover. Complete 
details of manufacture and assembly are shown in Pigs. 5 and 6. 

Pressure was epplied by means of a@ Blackhewk hend-operated hydraulic 
pwaupe Fressure was measured by a stendard high pressure gagee The vare 
jable resistance wire strain gages used were Baldwin-Southwark A-8 
rectancular gages and ARe7 rectangular rosettes. The location and 
orientation of these gages is shown in Figs. 7, 8, and 9. Other equip- 


ment included a potentiometer and Wheatstone Bridge circuit, a switch 
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panel, 6-volt battery, and the necessary wiring and plumbine. The 
specimen was placed on wooden block supports snaced aporoximately 6 
and 16 inches fram each end. 

The same procedure was followod in both tests. ‘“tithin the elastic 
limit the following procedure was observed: 

(1) Zero readings were taken on all faces. 

(2) Load was applied and load readings taken. 

(3) Loed was removed and a second zero reading taken. 

(4) Increased load was applied, reeadines taken, followed again 

by zero readings, etc. 

After the clastic limit had been exceeded, zero readings were 

taken only after the load rendincse Tho reason for this can be seen 


by considering the curve below. 


EA One € 
ao € 


Assume that under the applied load, the metal at some given posi- 
tion reaches point "a" on the stress-otrein diagran. This is below 


the elastic limit and when the load is removed both the stress and the 
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strain €, ) return to zeroe Now if a sufficiently high load to cause 
yielding 1s applied, sams point "b" on the curve will be reached. When 
the load is now removed, the line bo' will be followed ending at zero 
stress but with a permanent sot o-o'. This permanent set can be com- 
puted by comparing strain gaze readings ato and ato‘. The strain 
at point "b" cannot now be referred direétly to the zero strain at o 
but cust be referred to the new "zero" at o'. Doing this gives the 
valus of Mé€ and adding this strain increment to the permanent set o-0' 
gives the total strain € at point "b*. 

Theoretically the line bo' of the preceding diagram is parallel to 
o@- In order to sheck on the reliability of strain gage readings beyond 
the specimen elastic limit, this perallelism was utilized by teking 


readings at points d and e on the way up to point o, 


the next higher load reading above be. Since stress was not measured 


directly, a stress versus strain curve could not be plotted. Points 


aba 


d and e wera plotted on the load versus strain curves where the same 
reasoning as above applies. Therefore it was assumed that if points 
o', d, 6, and b on the load-strain curves plotted a straight line 
parallel to oa, the strain gaces wore giving useful reedings. 

Funch marks were made in the stud in each end cap and a traenmmel 
ber and points used to measure the distance between the punch marks 
both in the unloaded condition and for each loeding applied. 

At the higher loadings where considerable yielding ocourred 
it was necessary to maintain pressure constant for some time until 
a condition of equilibrium was reached and readings held substan- 


tially constant. 


a 
RESULTS AND DESOUSSION 


The results of the two series of testa have been plotted on 
curves of loading versus tangential strain and axial strain for the 
several strain gege locations. The axial and tangential components 
were plotted since these were the strain somponents actually measured 
end also to facilitate comparison with the curves applying to a 
straight tube and the curves derived from previous tests on specimens 
having larger 3/t ratios than those used in the present investigetion. 
The principal strains and the principal axis orientation were computed 
within the elastic limit and are included in the tables. The maximun 
pressure held by the first specimen (0.4" wall) was 3350. psi. The 
maximum pressure held by the second specimen was 2950. pie 

The resulte of the two tests as shown in Tables I - XVIII and 
Figse 22 and 27 show that the axial strains at position #5 are only 
very slightly smaller than the tangential strains at position #9 for 
@ll loadings under the elastic limit. Above the elastia limit, how- 
ever, the tangential strains in the orotch increase much more rapidly 
than do those at any other point measured. For the locations invest- 
igated in these tests then, the critical strains occur in the oroteh 
end are the tensential straina. 

The type and location of ruptures obteined in the two tests were 
almost exactly identical as can be seen in Figs. 2, 4, and 50. In 
each case the failure was a crack perpendicular to the line of the 
weld at a distance of 13" up from the crotch centerline. In both 


cases audible cracks and snaps were heard at irregular intervals as 


on Seo 


the internal pressure was increased. In the first test these noises 
started at a pressure of about 2600 psi and were accompanied by the 
appearance of fine, heir-line cracks in the weld and perpendicular 
to the line of the weld as shown in Pic. 50. In the second test no 
such cracks appeared, but roughened strecs lines arproximately para- 
liel to the weld appeared in the parent metal near the weld. 

In specimen #2, cracks between the parent metal and the weld 
metal started widening porceptibly at loads below the elastic limit. 
As in specimen 32, however, when rupture finally occurred, the break 
was in the wold and at right angles to both the line of the weld and 
the initial cracks. Since the two breaks were so exectly similar, 
it ssems quite possible that a point of stress concentration existed 
between positions #6 and 79. This possibility should be investigated 
in any further tests of this nature. Further evidence of this high 
stress area wes given by the extremely high strains measured at po-~ 
sition #6. The tangential gage in the crotch failed fairly early, 
but up to the time of failure indicated strains even higher than those 
at position 4. 

Rosettes 1, 2, and 4 all wore located some distance from the 
weld. (ig. 7) The test resilts fran both specimens as plotted in 
Fires. 10 and 12 show that the tangential strains did not become larze 
until high loadings were applied. ‘when theese strains did begin to 
increase, the magnitudes of the strains and the rates of increase at 
these three locations remained quite close to each other. The axial 


strains show no such uniformity but all remained relatively small as 


oJ 


compared with the tangential strains. A comparison of strains at these 
three locations with the theoretical strains in a straight pipe fol- 


lows! p=i1,000. paie 


I: €. = 0608x1073 € =.085x107 €,= .0918x107 € =.076h x 107 
Qe 4 e 


3d 


co = 2506 x 107? €.. = -1896 x 10" E€. = -2694 x 1079 € = 03274 x 1074 
mm a v2 Cy 
_ -3 A -3 - 3 ce. ~3 
Ii: “ae; -0822 x 10 “= 1392 x 10 a, 0299 x 10 Co: 0946 x 10 
Ez 5 +3490 x 1077 Ey, = +3305 x 10°? Ex 5 3048 x 1072 E209 x 1073 


Previous testing and experience had indicated en appreciable bend- 
ing effect in this type of joint as evidenced by an opening of the orig- 
inal ninety-degree angle. For both specimens tested in this investigation 
no measurable amount of bending was found until the rupture point was 
reached. This would seem to indicate, at least for R/t ratios close to 
these, that the bendins effeots are much less important than head boen 
believed and thet for a properly welded joint there is sufficient feat 
ent stiffness to eliminate the necessity for stiffenine webs. 

In making these tests it was desirable to get strain readings insofar 
es possible right up to the point of rupture. It was not known to what 
extent the strain gage readings would prove reliable once the yield point 
of the steel was passed. As a result of these tests it appears that the 
gage readings gave rldws qualitative results throughout the range of 
readingse since the physical properties of the strain gages themselves 
ere not known, it is impossible to state definitely at whet total strain 


the gage accuracy underwent a-change. Guantitatively, therefore, the 


@LlO@<- 


results ara of an unknown degree of accuracy. It is probable that 
the clone agreement of the curves for the two test specimens at each 
location would not have been obtainod if the cages had become unre- 
liable at the high loadings. In order to sheck the gave action at 
the higher loads, intermediate readings were taxen between the un- 
loaded nial Wich and the high losds as previously explained in *PRO- 
CEDURE". These points as plotted in Pigs. 16, 19, 22, 23, 25, 27, 
28, and 31 give a straight line parallel to that obtained within the 
Glastic region and the gages were therefore assumed to be giving 
useful readings. At som locations gages were broken under high 
loadingse This fact was tisdlie bale apparent due to the inability to 
obtain a balance in the bridge circuit. 

fran the strain rendings taken, stresses at the various losations 
were connuted within the elastic region and recorded in Tables I-XVIII. 
Since the strain cages can measure only tro-dimensional strains, 
stresses were computed usins two-dimenatonal theory. ‘The third-dimen- 
Sional strains while known to be present could not be accounted for in 
these tests. ‘ihen yielding first occurred anywhere in the specimen, 
the resultant permanent deformation imposed residual stresses through- 
out the specimen when the load was removed. This was shown by an 
apperent permanent set indicated by all gages at approximately the 
same loading even though local load stresses had not risen sufficiently 
to reach the yield stress of the mtal. This is the eek anal owe all 
the loadestrain curves deviate fron a linear reletion at about the same 


loading. Above the alastic limit the strains measured cannot be 


=i'~ 


trensformed to other axes since the usual transformation equations are 
invalid outside the elastic range. Considerable work is now being 
done toward developing stress and strain relations for use in the plas- 
tis region (Ref. 2), but no attempt was meade to apply any of those 
theories here. 

The curves plotted fram the results of the tests on the “we spec~ 
imens agree quite closely with three exceptions. The tangential strain 
curves at position 43 diverge, and the axial strain curves for positions 
7 and 8 also diverge. The reason for this divergence is not known but 
may be due to the change in thickness ratio. Further tests on specimens 
of various R/t ratios would indicate whether the divergence is a trend 
established by the change Lo wad thickness. 

For the wall thielmesses used in these tests it is believed that 
gravity effects were of very minor importance. In any further testa 
using thin-walled specimens of similar dimensions it would be better 
to provide supports which distribute the load uniformly elong the length 
of the specimen rather than supporting it at four points as was done 
here. 

Considering the fact thet first yielding occurred at approximately 
~” of meximun loed in the first test and at about 42% of maximum load 
in the second test, use of the theory of limit desien in actual construc- 
tion is indicated. At the sams time the large difference in yield loads 

observed scaapared with the theoretical yield load for a straight pipe 


should be considered. 


Specim en [! Hield- Sex pipe = F288. psec. 


yield -actual =18 00. psi 


Specimen IT: Picig~ ser jipe O45 Se 
Frield~ae Tual = lee OO. pse. 


This shows a reduction in strength of 45% for the first specimen, 
and 51% for the second. 

A measurement of the intersection cross section shape was made 
efter rupture in the tests deseribed in Re?. 1. ‘The original ellipt- 
ical cross section was found to have been deformed into an eggs shape 
with the greatest outward deviation located approximately midway be- 
tween the crotch and the 90 degree point of the interssction. This 
contour is typical of deformations suffered by such intersections and 
was observed in the present tests. 

Figs. 32 to 49 were plotted to show the measured strain distrib- 
ution both along the cylinder azis and along the elliptical inter- 
section. Ixamination of these figures (for instance Fig. 39 and Fig. 40) 
shows that axial streins are highest at position #5 and tangential 
Strains are hishest in the crotch. All strains are relatively low at 


the outside of the elbow for all loadings. There are relatively high 
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tangential and axial strains in the region between positions 6 


and 9 so that the principal strains will be highest in thet region. 


onite 
CONCLUSIONS 


1. The results of this investigation indicate that the highest 
stress concentration in a right angle cylindrical intersection under 
internal pressure occurs at on angie of about 14.5 degrees from the 
crotch centerline measured in the plans of the ellipse. 

2. The eritical stress causins rupture is the tansential stress 
in the plane of the ellipse. 

3. For the R/t ratios tested, the strongth reduction as com- 
pared with a straight closed cylinder is approximately 50%. 

4h. It appears probable that bending effeats for these thick 


walled cylinders are of relatively minor importance. 


JI! 270 


“15 
RECOMMEDTDATI ONS 


1. An enalysis of the tangential stresses in the plane of the 


elliptical intersection should be made. 


2e A study should be made of the variation of these tangential 


stresses through the wall thickness. 

3. Analytical studies of bending effects and shearing stresses 
should be made. 

&. In any further experimental work, the critical area as de- 
termined in this investigation should be thoroughly examined by strain 
gases or other means. 

5. Further experimental work should check on the differing axial 


strains observed in the two specimens on the outside of the elbow. 
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REDUCTION OF STRAIN GAGE DATA 


The test gage mounted on the specimen and a dummy gage mounted 
on identical, unstrained material are included in a Wheatstone Bridge 


Test cireult. The opposite sides of 
eZe 


Damry 
Bage 





the circuit are two vrecision 
resistences of magnitude Q, 
Under load the potentio- 
meter is varied so thet no cur 
E rent flows between points A 
| and B. We wish to determine 
the relation between the voltage V, across AB and the unit strain, 
€, in the test specimen. 


From the cirouit diagram, we determine that 


I, (2Q) = I, (2R+AR) = B V= 1,Q - 1,2 
Hence -} 
~ 6 aFE. « BAB] +48] ~ 2B 
2 ROR 4 RB aR 4 2 


To eliminate the ratio AR/R, the following relation for resistivity 
of a conductor is employed. 
R= KE a 
where K ig a resistivity constant, L the length of the conductor, and 
A its crossesectional area. Then 
InR= nk+ Inte Ina 


Henee 
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For a cylindrical conductor 


faa 2 OE 2p 2 = -2VE r is the radius 


of the eross section 


Spas 
=a 


Therefore 


OE (1+ 2VP)E 


V is the Poisson's ratio for the strain gage material. 


Substituting directly into the equetion for the voltage reading V, 


Hence vet (1+ VE 
€=_— 
(1+ 27))z 
This equetion is usuelly employed in thse form 
E= 4 (milli voit 
(sage factor) (battery reading 
3 


where € is obtained in inches por inch tites 10 ~. 
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within the elastic region the average of zero readings taken before 
and after losding was used in getting the gase readings. Application of 
gage factor and battery reading gave apperent strains in the case of the 


rosettes, so these readincs were further corrected as follows: 


bé, = R= PR, 


Lie 


1} 


1.02 R, - #2) +R) 


Aé3 = Ry > aR, 





b = -200 where b is a factor furnished by the manufacturer for 
each gage lot. 
Having the strains at a given point, the axial and tancential 


stresses were computed from the usual twoedimensional equations: 


Cone eee / e LE, +42 / 


These stresses could be computed only up to the load where ylelding 
first ocourred at any point in the specimen. 
To compute principal stresses the following equations were used: 


~ UEMi+b) r] 


a 
(ty — b) 


ee 
2 ~ 2(Isafitb) [(A, +R) 
sent r= | Ae eh | 
9/n 20 


ten 29= —~ Mth, -2R, 
KR, - Rs 


a2O= 


Having the principal stresses, principal strains could then be 


computed. 


Principal stresses and strains were computed only within the 
elastic region. 

ror test number one it was necessary to transform the measured 
strains at positions 5 and 7 to get the tangential strains due to the 
| orientation of those two gagese (Fig. 8). This was done by using 
Mohr's sirole. The trensformation was performed only within the elas- 


tic region. 
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First specimen and test setup. 
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Fig. 2 Closeup view of first specimen showing rupture. 





States 


Fig. 3 Second specimen and test setup. 
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Fig. 4 Closeup view of second specimen showing rupture. 
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